Abstract-A four-levels hierarchical wireless body sensor network (WBSN) system is designed for biometrics and healthcare applications. It also separates pathways for communication and control. In order to improve performance, a communication cycle is constructed for synchronizing the WBSN system with the pipeline. A low-power adaptive process is a necessity for long-time healthcare monitoring. It includes a data encoder and an adaptive power conserving algorithm within each sensor node along with an accurate control switch system for adaptive power control. The thermal sensor node consists of a micro control unit (MCU), a thermal bipolar junction transistor sensor, an analog-to-digital converter (ADC), a calibrator, a data encoder, a 2.4-GHz radio frequency transceiver, and an antenna. When detecting ten body temperature or 240 electrocardiogram (ECG) signals per second, the power consumption is either 106.3 W or 220.4 W. By switching circuits, multi sharing wireless protocol, and reducing transmission data by data encoder, it achieves a reduction of 99.573% or 99.164% in power consumption compared to those without using adaptive and encoding modules. Compared with published research reports and industrial works, the proposed method is 69.6% or 98% lower than the power consumption in thermal sensor nodes which consist only of a sensor and ADC (without MCU, 2.4-GHz transceiver, modulator, demodulator, and data encoder) or wireless ECG sensor nodes which selected Bluetooth, 2.4-GHz transceiver, and Zigbee as wireless protocols.
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I. INTRODUCTION
W IRELESS sensor networks [1] are offering the next evolution in biometrics and healthcare monitoring applications. By wireless body sensor network (WBSN) system, a hospital can monitor physiology signals (such as body temperature, electrocardiogram (ECG), pulse oxygen saturation, blood pressure, blood glucose, etc.) for 24 h without affecting the life of a patient, and the health department of a national government can control epidemic disease like SARS [2] efficiently. The WBSN plays an important role for healthcare monitoring applications. Similar to other wireless mobile applications, a long-term use WBSN is necessary. Researchers have proposed efficient lowpower protocols [3] , [4] for wireless sensor networks, which focused on reducing power consumptions of communication protocols and attaining great contribution. In order to compact with an open communication system, it is unavoidable to implement hardware with the high complexity and high cost. There are many proposed wireless ECG sensor node developed by open communication protocols and systems. Ekstrom [5] implemented a small sized ECG sensor system which can be wirelessly connected to a personal digital assistant (PDA) by Bluetooth. Park et al. [6] present an ultra-wearable wireless lowpower ECG monitoring system which is integrated by a wearable and ultra low-power wireless sensor node. Its communication is through 2.4-GHz transceiver and GFSK modulator. Lee et al. [7] propose a biomedical sensor node designed into PDA and cellular phone for 24-h healthcare. The communicating is through Zigbee and CDMA modem. Sakaue et al. [8] develop a wireless biosignal monitoring device which consists of a micro processing unit, a three-axis acceleration sensor, an ECG amplifier, and a Bluetooth wireless communication module. The above-mentioned proposed systems consume huge power for the communication as a result of no power management and efficient protocol designed into the systems.
In general wireless sensor network, each wireless sensor node has to receive packages from other sensor nodes and select adjacent sensor nodes to send data out according to the header of each package. Although there are proposed many complex communication protocols [9] , [10] and routing algorithms for wireless sensor network, the complexity, high cost, and handshake challenges must be solved in hardware implementation. Nowadays, the PC is powerful enough for controlling, scheduling [11] , and routing transmission path within the wireless biomedical sensor network (WBSN) system. The proposed WBSN system architecture is separated into communication and control paths for biomedical applications [12] . It makes the implementation of the WBSN system easier by hierarchy architecture and reduces hardware cost with a simple sensor node design because of reducing complex communication protocols and routing algorithms.
Moreover, in order to reduce transmission power consumptions in the WBSN system, a time sharing protocol is used as communication protocol. A communication cycle is constructed to synchronize the whole WBSN system, which allows the central control system to pipeline the WBSN system like a digital circuit. It advances the performance of the WBSN system by adding a few control functions into the original control system. All the applications will be controlled and scheduled completely by the control path.
In addition to low complexity, low cost, and high performance, a low-power design is necessary for long-term healthcare monitoring applications. There are two ways to incorporate low-power design, one is through components and the other is through system operation. Recently, the advancement of low-power design through components contributes greatly to reducing power consumption especially in transceivers [13] , [14] . In this paper, we will focus on adaptive low-power system that is designed with its starting point at the system level [15] . Adaptive low-power management provides optimal power management through an adaptive power conserving algorithm for the wireless sensor nodes of the WBSN system [16] . Additionally, a data encoder provides a power saving effect.
The low-power design is always an interesting topic for mobile devices and sensor network. In biometrics and biomedical applications, the wireless recorder and monitor are battery-operated devices. For long-term or 24 h working, the power-constrained is strict and limited. The effective adaptive low-power devices and system are demanded to ensure adequately longtime working.
The rest of the paper is organized as follows. Section II introduces the four levels architecture, communication path, and control path of the WBSN system. Section III illustrates adaptive low-power design by the hierarchy architecture, communication time sharing protocol, pipeline control, and adaptive power conserving algorithm. Section IV uses a thermal sensor node for example to describe the details of a wireless body sensor node. Section V shows the analog-to-digital converter (ADC), radio frequency (RF), modulator, and demodulator chip results. Finally, the body temperature and ECG applications are used for examples to analyze the specifications and power consumptions of the WBSN system.
II. WBSN SYSTEM ARCHITECTURE

A. System Architecture
As shown in Fig. 1 , there are four levels in the WBSN system with hierarchy and the relationship between each layer. The definitions and distinctions of each layer are described below. 1) System layer. This layer is a PC in the hospital, which consists of the control path and the data path for the WBSN system. The control path includes the function control and power control signals. The main actions of the system layer are sending commands to the application layer and receiving data from it. 2) Application layer. This layer includes several sensor groups, and controls all the sensor groups by sending commands and receiving data from them. 3) Sensor group layer. This layer includes several sensor nodes, and controls all the sensor nodes in the sensor group layer by sending commands and receiving data from them. 4) Sensor layer. This layer is just a single sensor node receiving commands from a sensor group and sending the detected data to the sensor group. The four layers hierarchy system architecture helps the WBSN system development and verification. First of all, a sensor node development environment is built for wireless sensor node integrating. Then a sensor group is designed as a geometric node of a Voronoi diagram [17] , [18] , which provides a system to test the connection between sensor nodes and sensor groups. Next, an application layer is partitioned into cells, which supplies an environment to evaluate the communication ability when sensor nodes move. In this WBSN system, each wireless sensor node is collocated with a unique identification code and the sensor groups are the geometric nodes of a Voronoi diagram. The Voronoi diagram of a set of sensor groups partitions the sensor network area into cells [17] , [18] . Every sensor node in a given cell is closer to the sensor group in this cell than to any other sensor group. Thus, the sensor group only transmits commands and classifies received data in its Voronio cell, and it also means no other sensor group can connect it. The unique identification code for each person and Voronoi diagram for sensor network area make people moving freely in a large area to be possible by changing sensor network group. It also makes sure that the biomedical data can be smooth received in PC-end. Furthermore, the proposed WBSN system can be integrated into a metropolitan or geographic network for real-time online healthcare monitoring system. The adaptive low-power wireless sensor node can also be the foundations for improving mobility conditions of people to move in a large-area. A virtual sensor network group system can be also designed into a mobile phone, PDA, or notebook, and connect with wireless sensor nodes on human body. The control commands or detected data can be received and sent out through Bluetooth, Wi-Fi, or global system for mobile communcations (GSM) of wireless consumer electric products. This low-power design is an efficient and easy implement component for integrating into a large-area system.
B. Communication Path
The most important purpose of the data path is to transmit detected data from each sensor node to the PC. In this design, 2.4 GHz should be used as the communication transceivers in the sensor group layer. As shown in Fig. 1 , the processed biomedical signals are transmitted from sensor nodes (sensor layer) to the collecting point (sensor group layer) through the 2.4-GHz band wireless communication system. After collecting and merging the detected signals from the sensor groups, the application layer sends the merged data to the central control system (system layer) by the 2.4-GHz band.
C. Control Path
The control path is an hierarchical architecture from the system layer to the sensor layer. It consists of the adaptive low-power control signals [16] and the function control signals. This control path not only gains the benefits of flexible, easy development, and run-time reconfigurability [19] , but also significantly reduces power consumption. The details of adaptive low-power control design will be described in the next section.
III. ADAPTIVE LOW-POWER CONTROL DESIGN
A. Hierarchy Architecture
As shown in Fig. 2 , the power control signals are hierarchical from the PC to individual functions of each sensor node. When a user measures body temperatures in the WBSN system, the power control signals switch each function within a sensor node with accurate pipeline control through each layer. Each function circuit will be only powered on when necessary and the redundant functions in each cycle will be powered off to reduce unnecessary power consumptions.
B. Communication Protocol
In order to improve the performance of the WBSN system, the pipeline methodology was design into this system. It promotes the performance well, but it also increases the complexity in accurately controlling timing [11] . A communication cycle is proposed to synchronize the WBSN system. It can be multiple or equal to the synchronous clock in the digital circuit of sensor nodes, which varies with applications. Transmission of body temperature data takes less time than that of ECG or blood pressure application, since the data amount of the former is much less. Consequently, the communication cycle is set by the application which demands most communication time. Fig. 3 shows a five-application example of the time sharing protocol for the WBSN system. First of all, the sensor nodes are reset by a reset command from the sensor group. In order to synchronize the timing of sensor group and each sensor node, a handshaking action is applied for synchronization after reset. By this means, the sensor group and each sensor node have the same communication cycle starting point. The sensor 1 sends first transmission data out after synchronization, and after ( is the number of sensor nodes in this group) communication cycle time counting by the micro control unit (MCU), the sensor 2 sends the first transmission data out. The MCU of each sensor node counts down one communication cycle time. The transmitter of each sensor node sleeps from the end of current data transmission to the start of next transmission. The transmitter in each sensor node is powered on only when it is necessary to transmit data. The transmitting time of sensor 4 and sensor 5 data are much longer than sensor 1, sensor 2, and sensor 3 because the signal amounts of blood pressure and ECG are huger than body temperature, pulse oxygen, and blood Glucose. The sensor group receives detected data sensor by sensor. As shown in Fig. 3 , the sensor group receives the first transmission data (data0) which includes the first transmission data of the sensor 1, sensor 2, sensor 3, sensor 4, and sensor 5. The sensor group will receive the next transmission data (data1) during the next communication cycle.
C. Accurate Pipeline Control
The adaptive power control path also works well with accurate pipeline control. The adaptive power control path can be separated into five independent steps which include system, application, sensor group, sensor node and function. With storage at the end of each step, the adaptive power control signals can be sent out step by step. This allows the control signals to issue control path at the processing rate of the communication cycle which is the slowest step. The communication cycle is much faster than the time needed to perform all steps at once. As shown in Fig. 4 , the WBSN system can execute all functions in the same time after the fourth communication cycle. Healthcare monitoring applications will benefit through better performance in the WBSN system by the pipeline control.
D. Adaptive Power Conserving Algorithm in the Sensor Node
An adaptive power conserving algorithm is proposed for power management in each sensor node. Fig. 5 shows an example of the body temperature application. While the communication cycle comes, the MCU powers on the receiver of the transceiver to receive the commands from the sensor group. After receiving the correct commands, the MCU checks the calibration status. Once the thermal sensor node is calibrated, the MCU powers on the ADC at the same time, and then powers on the data encoder to compress temperature values. At the end of the communication cycle, the MCU powers on the transmitter of the transceiver to transmit merged compression data to the sensor group. After transmission, the MCU powers off all functions except thermal sensor in the wireless thermal sensor node and wait until the next communication cycle starts.
IV. WIRELESS THERMAL SENSOR NODE DESIGN
Sensor nodes lie in the lowest layer of the WBSN system. The block diagram of the wireless sensor nodes is shown in and thermal sensor are always powered on, the power consumptions of both are small. 2) Thermal BJT Sensor: Traditionally, thermistors are resistor-type detecting devices in which the resistance varies with temperature [20] . However, it is well known that the resistance is very inaccurate in the CMOS process. Therefore, as 400 series thermistors from YSI, they are unsuitable for integration on CMOS silicon chips [21] . Conversely, the transistors are commonly employed to generate the basic sensing signals for temperature sensors [22] , [23] because these devices can provide a higher accuracy than resistor-type sensor in the sensor chip applications. In observance of this, the transistors are generally chosen for integration on the CMOS silicon chips. In a thermal sensor [21] , a bipolar transistor has a strong exponential relationship between the base-emitter voltage ( ) and the collector current ( ). A thermal sensor is utilized for temperature sensing since its own characteristic of a negative temperature coefficient of resistivity. This phenomenon is expressed with the in the sensory signal of a bipolar transistor.
3) ADC:
The ADC consists of a sigma delta modulator (SDM), a digital filter (DF), and a downsampling circuit [21] . Table I , 10-bit temperature values are too large to store or transmit. After prediction, the difference values by the predictor from the original temperature data are very close to zero. Huffman coding [24] was chosen as the data compression algorithm. The probability of Huffman encoding will be decided by the characteristics of different biomedical signals. For example, the variation of body temperature is very small. The probabilities are concentrated on small difference values. On the other hand, if the biomedical signals with more variation like ECG, the probabilities are dispersed to each difference value. An example of a Huffman coding algorithm is shown in Fig. 8 , more probable prediction values are encoded with shorter codes, and less probable values are encoded with longer codes. Huffman coding algorithm is also selected as the lossless compression of ECG signals. After experiment, the averagecompression ratio is 1.92 in all case of MIT-BIH Arrhythmia database [25] , which means there are 48% data reduced by this lossless compression method. The data encoder shortens the stream of detected temperature data effectively, which also means large amount of power saving by transmitting a shorter stream of data. 6) RF Transceiver, Modulator, Demodulator, and Antennas: The RF transceiver consists of a transmitter and a receiver designed with adaptive power switches. As shown in Fig. 10 , the transceiver is controlled by the MCU which sends the control signals through Tctrl and Rctrl to switch power on/off from VDD to for the transmiiter and modulator or for the receiver and demodulator. These control signals also switch the modulator and demodulator. The transceiver, modulator, or demodulator is powered on only if necessary.
The transmitter is implemented with single balanced mixer, cross couple pair voltage control oscillator (VCO), and cascade buffer amplifier as PA. The adopted circuits in the receiver are cascoded source degeneration LNA, single balanced mixer, cross couple pair VCO, and demodulator. Table II illustrates the requirements of six important applications for the WBSN system. The sampling rates of the body temperature, Pulse Oxygen, and blood Glucose signals are much less than the blood pressure, ECG, and electroencephalography (EEG) signals. The compression rates of body temperature, pulse oxygen, and blood glucose signals are 3.33 with lower variations, and the compression rates of blood pressure, ECG, and EEG signals are 1.92 with higher variations. The setup and control overhead time is the time of initializing the RF transceiver, modulator, and demodulator, and executing the control signals. The switch overhead time is the time of switching transmitter or receiver in the same transceiver. The total transfer time per second means that how much time is necessary for each application to transfer per second.
V. EXPERIMENTAL RESULTS
The duty cycle [26] is shown as follow:
where is active time (RF on), is allocated sleep time (time between wakeups), and is the number of retransmissions. The specifications of fabricated process, area, Vdd, Current, and power consumption of each component in a wireless thermal sensor node and wireless ECG sensor node are listed in Table IV . Fig. 9 shows the layout of the MCU circuit which was synthesized by TSMC 0.18-cell library. Except specifications of the MCU is post layout simulation and the ECG sensor and amplifier by the commercial product, AD8553 [27] , the others are tapeout chips. As shown in Figs. 11 and 12 , the Table III . In the transmitter path (mixer, oscillator and PA), the transmitted power is shown as follows:
where is the transmitted power, is the gain of receive antenna, is the gain of transmit antenna, is the received power that means sensitivity and path loss is the power lost in the air. In the receiver path (mixer, oscillator and LNA), the sensitivity should be concerned and shown as follows: (4) where is the signal energy per bit-to-noise spectral density ratio. These specifications are needed as follows.
1) Output power in transmitter is . 2) Sensitivity in receiver is . 3) Noise figure in receiver is 25 dB. 4) IF frequency is 320 MHz~400 MHZ. 5) Channel bandwidth is 1 MHz. Examples of 10 values/s power consumption in the thermal sensor node and 240 values/s power consumption in the wireless ECG sensor node are also shown in Table IV . The power consumption of ECG sensor and amplifier is adapted from the data sheet of the commercial product, AD8553 [27] . Obviously, the power consumptions of the transceiver, modulator, and demodulator are much greater than other components in this system. When all functions are switched on by the power controller, the total energy ( ) in each wireless thermal sensor node is where is the total energy of the MCU, is the total energy of the thermal BJT sensor, is the total energy of the calibrator, is the total energy of the analog to digital converter, is the total energy of the data encoder, and is the total energy of the communication. The total communication energy making up of the most power consumption in the whole system can be divided into four parts [32] : (6) where , , , and are the power consumptions of the transmitter, receiver, modulator, and demodulator independently. Further more, they can be divided into several operation time procedures.
where the or , , , are the power consumptions when the transceiver is transmitting or receiving, initializing, turning on, and switching.
The , , and are the power consumptions of the modulator modulating, initializing, and powering on. The , , and are the power consumptions of the demodulator demodulating, initializing, and turning on.
Total energy without adaptive design is The total power consumptions without adaptive design is (7) where the total power consumption ( ) is a sum of power consumption in the MUC ( ), thermal sensor ( ), calibrator ( ), analog to digital converter ( ), data encoder ( ), and communication ( ). The total energy with adaptive design is where is run-time and the total energy ( ) is integrated with the sum of each component's power multiplied by it's run-time [33] . Total power consumption with adaptive design is : (8) where the total power consumption with adaptive design ( ) is the sum of that each component needs when it is turned on during the adaptive process. Initializing, turning-on, and switching energy [32] are considered in addition to power simulation [34] , [35] . Table V shows the average power consumption and the power consumption reduction percentages using an adaptive algorithm and data encoding design for a thermal sensor node. Comparing power consumption reduction percentages from adaptive design with or without the data encoder, the data encoder reduces average power consumption more effectively with a greater amount of recorded values. For example, 4000 samples in Table V , the power consumption of a wireless thermal sensor without adding a data encoder (739.58 ) is 37.8% larger than it added a data encoder (459.98
). As shown in Table IV , when a This adaptive power control path was incorporated into the WBSN system for healthcare monitoring applications. The MCU, 2.4-GHz wireless transceiver communication system, and data encoder are added to build a wireless thermal sensor network. Table VII presents a power consumption report comparing the performances with previous works [22] , [23] , [33] - [35] . The power consumptions of two thermal sensors in the industry have also been presented in Table VII [38] , [39] . After comparisons with published works [22] , [23] , [36] , [37] and previous works in the industry [38] , [39] which consist only of a sensor and ADC (without MCU, 2.4-GHz transceiver, and data encoder), the power consumption of the wireless thermal sensor node with adaptive low-power and data encoding design is reduced by over 69.6% [23] . Table VIII presents a power consumption report to compare the achieved performance with previous works [5] , [6] of wireless ECG sensor. The power consumptions of the small sized ECG sensor system [5] are 170 mW for 400 ECG values per second. The power consumptions of the wearable and ultra low-power wireless sensor node [6] are 30 mW for 1000 ECG values per second. The power consumptions of the biomedical sensor node [7] are 1 W. The power consumptions of the biosignal monitoring device [8] are 756 mW for 200 ECG values per second. The power consumptions of this work are 201. 2 , 297.4 , or 585.8 for 200, 400, or 1000 ECG values/s. After comparisons with published works [5] - [8] which selects Bluetooth [5] , [8] , 2.4 G Transceiver [6] and Zigbee [7] as wireless protocols, the power consumption of the proposed work with adaptive low-power and data encoding design is reduced by over 98% [6] . We tested and verified functions of a wireless thermal sensor node by hardware emulation. As Fig. 13 shows, the function of MCU is emulated by FPGA.
VI. CONCLUSION
In this paper, we have proposed a system of lower power consumption for a wireless thermal sensor node in WBSN. A communication cycle is constructed to synchronize the WBSN system with a pipeline to advance system performance. The transceiver consumes the most power in the sensing node, and the data encoder reduces average power consumption more effectively when there is a greater amount of detected values. When detecting ten body temperatures or 240 ECG signals per second, the power consumption is either 106. 3 or 220.4 . It ends up with a reduction 99.573% or 99.164% in power consumption using the proposed adaptive power conserving algorithm and data encoding design. The effect of the data encoder is obvious in ECG or blood pressure application since high data rate results. The benefits of data compression are that it not only reduces power consumption by transmitting a shorter stream of data, but also allows adding more advanced error control coding to the transmitting data.
